Uniform coaxial coating of suspended single-walled carbon nanotubes with high-quality dielectric silicon nitride has been obtained by low-pressure chemical vapor deposition. A three-terminal device has been demonstrated by coating a suspended metallic nanotube grown directly on contacting metal electrodes with subsequent patterning of a top gate electrode. Large charging energies have been observed in the suspended nanotubes and the conversion factor from gate voltage to the electrostatic potential in the nanotube approaches unity, which can be attributed to the device geometry. © 2004 American Institute of Physics. [DOI: 10.1063/1.1765733] Coating carbon nanotubes 1 is of great interest because it provides a way to obtain nanowires of different materials, [2] [3] [4] and also because the physical properties of exposed nanotubes are sensitive to the surrounding environment 5, 6 making it important to passivate nanotubes with coatings in practical devices. [7] [8] [9] Interesting phenomena have been observed in superconducting metal nanowires prepared by using carbon nanotubes as templates.
and also because the physical properties of exposed nanotubes are sensitive to the surrounding environment 5, 6 making it important to passivate nanotubes with coatings in practical devices. [7] [8] [9] Interesting phenomena have been observed in superconducting metal nanowires prepared by using carbon nanotubes as templates. 3, 4 The coating behavior of a variety of metals on suspended single-walled nanotubes ͑SWNTs͒ has also been investigated. 2 Coating nanotubes with dielectric materials is crucial in making electronic devices and recently there have been reports on coating nanotubes dispersed in solutions with oxides by chemical reactions. [10] [11] [12] Here we describe coating individual suspended and electrically contacted SWNTs with dielectric materials and address their electronic properties thereafter.
Previously 13 we showed that vacuum-deposited Fe serves as a reliable and convenient catalyst to direct the methane chemical vapor deposition ͑CVD͒ growth of SWNTs on specific sites and to successfully grow electrically contacted SWNTs directly on metals electrodes. In this letter it is shown that as-grown individual suspended SWNTs can be coated uniformly with high-quality silicon nitride by low-pressure chemical vapor deposition ͑LPCVD͒. Furthermore, we demonstrate a three-terminal device by coaxially coating a suspended metallic SWNT with a nitride insulator and a metal gate electrode, and investigate the Coulomb blockade phenomenon at low temperatures.
In our experiments, a pair of several micron wide metal electrodes ͑Pt 50 nm/ Cr 50 nm͒ with Fe catalyst on top, spaced apart end on with a gap between them, were patterned in the center of self-supporting 0.5-m-thick Si 3 N 4 membranes by optical lithography and lift off processing. 13 [Fabrication on self-supporting nitride films makes viewing devices with a transmission electron microscope (TEM) practical.] The Fe catalyst evaporation is typically between 8 and 16 Å, as monitored by a quartz crystal oscillator in the evaporation chamber. A focused ion beam ͑FIB͒ was used to mill the gap area between the electrodes all the way through the Si 3 N 4 membranes. Figure 1(a) illustrates a crosssectional view of the device structure. Afterwards, CVD nanotube growth was carried out in a methane flow of 200 sccm at 900°C for less than 5 min at atmospherice pressure, which usually yields one or a few suspended SWNTs bridging the two electrodes. Under the above mentioned growth condition, the as-grown SWNTs are high quality with little amorphous carbon, as observed by TEM. Subsequent coating of those as-grown suspended SWNTs with silicon nitride was done by LPCVD at 720°C in a mixed flow of SiH 2 Cl 2 ͑100 sccm͒ and NH 3 ͑140 sccm͒ at a pressure ϳ1 Torr, with a nitride growth rate on planar substrates approximately 2.5 nm per min reaction time. The index of refraction for the deposited silicon nitride is 2.00± 0.05 as measured by an ellipsometers, which indicates a stoichiometric nitride Si 3 N 4 . at a pressure ϳ1 Torr, the SEM image clearly shows that the suspended SWNTs are uniformly coated [ Fig. 1(c) ]. The diameters of the silicon nitride nanorods are about 200 nm, i.e., double the nominal growth on planar substrates, which is reasonable since on a suspended SWNT, silicon nitride will grow from all directions. Experimentally, we find that the thickness of the silicon nitride coating is controllable by the LPCVD reaction time.
To obtain more detailed structural information about the Si 3 N 4 coating, we used TEM ͑60 kV͒ to study samples with thin Si 3 N 4 layers. As shown by the TEM image in Fig. 2(a) , nanotubes across a 1.5-m-wide gap are coated with Si 3 N 4 . For this sample, LPCVD was carried out at 720°C for 10 min, under conditions described previously. It is striking that all the nanotubes are coated uniformly and the diameters of the Si 3 N 4 nanorods are similar. Also, the nanotubes buried in the center of the nitride are still visible in TEM, which demonstrates clearly that the nanotubes serve as the templates for the formation of silicon nitride nanorods. Figure  2 (b) shows a higher magnification TEM image of the two nanorods in the upper left of Fig. 2(a) . The diameters of the nanorods are ϳ45 nm, which is again about twice the value of the planar growth for this sample. The carbon nanotubes in the center core (brighter lines) are ϳ3 nm in diameter. The above-noted structural information shows clearly that LPCVD is able to coat SWNTs with uniform thickness in a controllable way. Moreover we will show that the coating does not damage the electrical contacts between the SWNTs and the electrodes, which is crucial for studying their electronic transport properties or making electronic devices.
To make a three-terminal device, we first coat a CVD grown suspended and electrically contacted nanotubes with thin Si 3 N 4 layers ͑Ͻ30 nm͒ by LPCVD to protect the nanotubes. Then, we use the FIB to cut away all nanotubes but one metallic one which is left bridging the electrodes. Then another LPCVD process is carried out to insulate the open ends of nanotubes cut by the FIB, as well as coat the bridging nanotube with more Si 3 N 4 . Figure 3(a) shows a SEM image of a particular sample with a single nanotube coated by Si 3 N 4 , crossing a 1-m-wide gap. The nitride nanorod is 250 nm in diameter, resulting from an initial 10 min LPCVD coating and a subsequent 40 min LPCVD coating after the cutting of other nanotubes. As seen clearly in the image, the remaining cut nanotubes are also coated with Si 3 N 4 so that there is no open end which can be shorted to the gate electrodes evaporated in the next step of the process. Finally, we lithographically pattern a metal top gate ͑Au 25 nm/ Cr 15 nm͒ in the gap area, which covers the coated nanotube as well as the ends of two coated electrodes (the source and the drain). The metal film is continuous from the surface of the Si 3 N 4 nanorods to the insulating nitride layer on top of the source and the drain. temperature, the I -V curve is linear and virtually independent of the gate voltage V g . At low temperatures, with high source-drain voltages, the I -V curves are near linear, and the conductance is on the same order of that at room temperature. However, at low source-drain voltages, the conductance is greatly suppressed by several orders of magnitudes and a gap clearly shows up [inset of Fig. 3(b) ] by T =7 K. As described in the following, in our study of gate-voltagedependent conductance, this is a consequence of the Coulomb blockade ͑CB͒ phenomena. 14, 15 The charging energy U is ϳ22 meV, which is half of the plateau in the I -V curve. As seen in Fig. 3(c) , the linear conductance G versus gate voltage V g exhibits Coulomb blockade oscillations. The inset shows a zoomed-in view of the CB peaks near V g = 0. These peaks have a spacing ⌬V g ϳ 25 mV. The height of different CB peaks is quite different, which can be attributed to the different coupling strength between the quantum levels inside the nanotube and the source (drain).
14 Compared to reported results in the literature, 15, 16 there are two special features for our device made from a coaxially coated suspended nanotube. First, the charging energy U is several times larger than that reported for nanotubes lying on planar substrates. 15 According to Ref. 15 , the charging energy U is roughly ϳ5 meV for such a 1-m-long nanotube. Here the charging energy U is ϳ22 meV for a suspended nanotube 1 m in length. Second, the conversion factor from gate voltage to electrostatic potential of the nanotube, i.e., U / e⌬V g , approaches unity, where ⌬V g is the period of CB peaks in gate voltage. These two features can be attributed to the unique geometry of the as-grown suspended nanotubes. The charging energy is U = e 2 / C, where C = C l + C r + C g , with C 1 ͑C r ͒ being the capacitance between the nanotube and the source (drain), and C g the capacitance between the nanotube and the gate. Also, we have
where ⌬E is the energy level spacing inside the one dimensional quantum dot (nanotube). 14 For a 1-m-long nanotube, 15 ⌬E was estimated to be ϳ1 meVӶ U ϳ 22 meV. Therefore, e⌬V g Ϸ e 2 / C g and we have e⌬V g / U Ϸ C / C g =1+͑C 1 + C r ͒ / C g . In our case, e⌬V g / U approaches unity, which means C g dominates both C l and C r which is a consequence of the very small contact area between the nanotube and the source and drain electrodes 13 making C l and C r small compared with C g . Devices fabricated by the methods of Ref. 16 have large contact areas (thus large capacitances) between nanotubes and the junction electrodes yielding e⌬V g / U ӷ 1 and negligible change of charging energy U even after the substrate material underneath the nanotube was etched away. However, in our case, since C l and C r are small, the charging energy U is much larger. Note that, besides device geometry considerations, the observation of the large charging energy here can also be connected with the existence of defects in the nanotube so that only a short segment of it forms a quantum dot. However we have not observed the gate-tunable conductance of metallic nanotubes at room temperature as has been previously reported to characterize this situation. 17 In summary, uniform coaxial coating of as-grown suspended single-walled carbon nanotubes with high-quality dielectric material silicon nitride has been successfully obtained by LPCVD. We anticipate that this approach, which is so highly compatible with more standard silicon device technology, will find applications in electromechanical, 9 chemical sensors, and electronic devices fabricated from carbon nanotubes. 7, 8 Nanotube field effect transistors made in the described geometry, with suspended semiconducting nanotubes and coaxially coated dielectrics, should offer stable operation in a variety of environments with high transconductance. Future research should clearly focus on the limits to which thin functional gate dielectrics can be pushed for such devices.
